ABSTRACT. The ends of stress fibers in the basal portion of cells (basal stress fibers) are anchored to focal adhesions, and stress fibers in the apical part of cells (apical stress fibers) are attached to the apical membrane, forming a structure (the apical plaque; KATOH, K. et al. (1995). CellMotil. Cytoskel , resembling the focal adhesion. In addition to these two sites, stress fibers also make lateral contact with the plasma membrane but little is knownabout the molecular composition of this type of stress fiber-membrane interaction sites. Several actin-membrane association types are known, each employing a different set of proteins, and the focal adhesion and the erythrocyte membraneskeleton are the best characterized systems. Weinvestigated by immunofluorescence microscopy if there is any morphological basis for the involvement of the erythrocyte membrane proteins in the stress fiber-plasma membraneassociation sites in cultured humanfibroblasts. Our results indicated that fodrin (nonerythrocyte type spectrin) and ankyrin were generally associated with the plasma membrane, but that they were clearly excluded from the focal adhesion, the apical plaque and the stress fiber. Thus, it appears that the spectrin and the integrin based actin-membrane association systems are mutually excluded in the fibroblast membraneundercoat. Protein localization at the lateral stress fiber-membrane association site was also studied. Our data indicated that, while talin, vinculin, paxillin, fibronectin receptor and integrin fii were present at the three stress fiber-membraneassociation sites, vitronectin receptor and integrin ay were absent from the apical plaque and the lateral association site. While the plasma membraneat the focal adhesion adheres tightly to a solid substrate, the cell surface of the apical plaque is free. Although the lateral association site faces the substrate, the molecular composition of this site is similar to that of the apical plaque.
In tissue culture cells, the association between bundles of actin filaments and the plasma membraneis often observed at focal adhesions, which are the closest contact sites between the substrate and the surface plasma membrane (7). Several cytoplasmic proteins such as vinculin (12, 36), talin (6, 16) , paxillin (39), a-actinin (23) , and tensin (41) have been localized at the focal adhesion by immunofluorescence microscopy. Although the exact arrangement of these and other focal adhesion associated proteins is not known, several models have been proposed based on in vitro binding results among focal adhesion proteins. At present, the stress fiber (actin filaments) -a -actinin-vinculin-talin-integrin link is the best known focal adhesion model (7). However, direct interaction between a-actinin and integrin (32) has raised the possibility that the talin-vinculin link may be omitted from the above chain. In addition, binding between talin and actin (28) suggests that talin can anchor stress fibers to integrin without a-actinin and vinculin. It is not clear if all of these links are present at the plasma membrane-stress fiber attachment site in the cell. In several kinds of cultured and in situ cells, two types of stress fibers were observed: those running along the basal portion of the cell (basal stress fibers) and those present in the apical portion of the cell (apical stress fibers) (5, 8, ll, 17, 31, 40) . We have recently shownthat apical stress fibers are attached to the apical plasma membraneand that the attachment is likely to involve the same molecules as those found at the focal adhesion, although ay integrin subunit and focal adhesion kinase (ppl25FAK) are not concentrated at the apical plaque (17) . These results have led us to propose that the primary function of the so-called focal adhesion associated proteins is to anchor stress fiber ends to the plasma membrane, not to anchor cells to the substrate.
Stress fibers also appear to interact laterally with the plasma membrane.Often such sites are not focal adhesion sites, and the molecular composition of such sites has yet to be carefully analyzed. The spectrin-based cytoskeletal system underlying the erythrocyte plasma membranehas been extensively characterized. From the viewpoint of actin filament association with the plasma membrane,spectrin and the proteins associated with it are responsible for actin filament attachment to the erythrocyte plasma membrane(for a review, see (2)). Spectrin is the major erythrocyte membrane protein consisting of two large subunits, and its tail region binds to a short actin filament. The actinspectrin complex is anchored to the membrane by the protein 4. 1 system (25) and by the ankyrin-band 3 (transmembraneanion exchanger protein) link. Someof the proteins of the erythrocyte membrane cytoskeleton system including protein 4. 1 , ankyrin and fodrin, the nonerythrocyte type spectrin, are also present in nonerythroid cells. It is thought that actin filaments in the cell cortex are attached to the nonerythrocyte plasma membranein a manner similar to that of the red blood cell membrane. Ankyrin has been shown to interact with the voltage-dependent sodium channel protein and Na+/K+ ATPase (14, 15, 29) . In some epithelial cells, the transmembrane Na+/K+ ATPase is thought to anchor the actin filament-fodrin-ankyrin complex to the plasma membrane (14, 15, 29) . Fodrin is localized to the fibroblast plasma membrane, but not along stress fibers (24, 30) . These findings suggest that different actin filament anchoring mechanisms are used for the bundled filaments in stress fibers and for the cell cortical filaments that are not well organized. It is likely that different types of actin filament-plasmamembrane attachment are needed to execute various motile and cytoskeletal functions in the cell. In this study, we analyzed the localization of various proteins that play roles in the actin filament attachment to the plasma membraneby immunofluorescence microscopy. Wehave shownthat the erythrocyte membrane cytoskeletal proteins and the focal adhesion associated proteins have mutually exclusive localization in human fibroblast.
MATERIALS AND METHODS
Cell Culture. Human foreskin fibroblasts (37) were grown on glass coverslips (13 x 13 mm: Matsunami SI type, Matsunami, Tokyo, Japan) in tissue culture plastic Petri dishes (Falcon, Lincoln Park, NJ). They were cultured in a 1 : 1 mixture of Dulbecco's modified Eagle mediumand nutrient mixture F-12 (D-MEM/F-12) (GIBCO, Grand Island, NY), pH 7.4 containing 50 units/ml penicillin, 50 /*g/ml streptomycin, and 10% fetal bovine serum (FBS) (Salmond Smith Biolab, Auckland, New Zealand) at 37°C in a humidified, 5% CO2 atmosphere.
Immunofluorescence microscopy. Cells were observed using a Zeiss Axiophoto (Carl Zeiss, Oberkochen, Germany) epifluorescence microscope with an apochromat 63 x (N.A. 1.4, oil) objective lens. Fluorescence images were photographed by using Kodak T-Max400 film (Eastman Kodak Co., Rochester, NY). Cells were also examined by con focal laser scanning microscopy using an Olympus LSM GB-200system mountedon an Olympus epifluorescence microscope with a plan-apochromat 60 x (N.A. 1.4, oil) objective lens (Olympus, Tokyo, Japan).
RESULTS
Exclusion ofspectrin and its associatedproteinsfrom the stress fiber-plasma membraneassociation sites. It has been proposed that actin filaments located under the plasma membraneof some nonerythroid cells are attached to the plasma membranevia the spectrin based membrane-skeletal system. We examined whether or not there was a morphological basis for the spectrin based system playing some role in attaching actin filaments of the stress fiber to the plasma membrane. When humanfibroblasts were stained with anti-a-fodrin, generally diffuse staining was associated with the entire cell boundary, which was presumably the cell cortex. However, when microscope focus was brought critically to the top of a cell, we observed unstained streaks and also an unstained area that contained some spotty staining (Fig. la) , suggesting that there are regions where a-fodrin is practically excluded. By morphological criteria, the unstained streaks were suggestive of apical stress fibers and the unstained area with spotty staining resembled the region where apical stress fibers terminated, forming apical plaques (17) . Figure lb shows anti-a-fodrin staining of the basal membranearea of the same cell. Note that there are many unstained streaky areas which are more prevalent toward the cell periphery. In addition, there are unstained regions with the appearance of focal adhesions. Unstained streaky areas in anti-a-fodrin labeled cells were previously observed (24) and suggested to be "negatively stained" stress fibers (Fig. lb) .
To ascertain that fodrin may be excluded from the membranewhere stress fibers and both the apical and the adhesion plaques are located, we stained cells with both rhodamine-labeled phalloidin and anti-a-spectrin.
In the apical portion of the cell, we observed that the region wherethere waslittle anti-a-spectrin staining (Figs, lc and d) was occupied by strong phalloidin staining and that parts without stress fibers were stained with anti-a-spectrin. A small area of the basal portion of a double-labeled cell is enlarged and shown in Figures le and f. In general, the mutually exclusive nature of the two staining patters was noted. However, the entire length of each stress fiber revealed by phalloidin staining (Figs. Id and f) was not always negatively-stained by anti-a-spectrin (Figs, lc and e). Stress fiber ends were usually unstained with anti-a-spectrin.
Cells doublestained with anti-a-fodrin and rhodamine-phalloidin were examined by con focal laser scanning microscopy and F-actin (red) and a-fodrin (green) distributions are simultaneously shown in color plates (Fig. 2 ). Note that in general, green and red are mutually excluded. In the apical portion of the cell, anti-a-fodrin staining (Fig. 2a; green) was laterally excluded from the area above the nucleus where strong phalloidin staining ( Fig. 2a ; red) representing apical stress fibers was present, and the area without stress fibers was stained with anti-afodrin. In the basal portion of the cell (Fig. 2b ), anti-afodrin staining was strong between adjacent stress fibers and it was absent from the attachment site of stress fibers to the plasma membrane. Double immunofluorescent staining was used to demonstrate exclusion of the proteins of the spectrin-based system from the stress fiber-plasma membrane attachment site. Vinculin is known to be present in the focal adhesions, and we have recently demonstrated its association also with the apical plaque (17) . Thus, mouse monoclonal anti-vinculin was used to identify focal contacts and apical plaques. Since anti-a-fodrin and anti-a-spectrin were also mouse monoclonal antibodies, we used rabbit antibodies against ankyrin, one of the spectrinbinding proteins, to localize domains occupied by the spectrin-based membraneproteins. A cluster of apical plaques stained strongly with anti-vinculin (Fig. 3b) , but anti-ankyrin failed to stain the same area (Fig. 3a) . Anti-ankyrin also failed to stain focal adhesions (Figs. and ankyrin is clearly illustrated in Figs. 3e and f, which show a highly magnified region of a cell double-stained with anti-vinculin and anti-ankyrin. As with anti-a-fodrin and anti-a-spectrin staining, the cell boundary associated anti-ankyrin staining was diffuse and absent from the stress fiber-plasma membraneassociation site (Figs. 3a, c and e, f). Although it is not shown here, anti-ankyrin stained the leading edge of cells. Polypeptide composition of various stress fiber-plasma membraneattachment sites. By morphological criteria, there are three types of stress fiber-plasma membrane association sites in cultured cells. The best known and most well-characterized site is the focal adhesion where the ends of basal stress fibers are anchored to the plasma membranevia a host of focal adhesion associated proteins. The second site is the apical plaque (17) where apical stress fibers associate with the apical plasma membrane.Many, but not all, of the proteins associated with the focal adhesion are also present in the apical plaque. Basal stress fibers appear to laterally interact with the plasma membrane,but little is knownabout this third type of stress fiber-membrane association site. As seen in Figs. 3d and f, anti-vinculin staining in the Fig. 1 . Immunofluorescent localization of fodrin in fibroblasts. Cells were stained singly with anti-a-fodrin (AA6) (a and b) or doubly with anti-a-spectrin (3A9) (c and e) and fluorescein labeled phalloidin (d and f), and photographed at either the apical (a, c and d) or the basal (b, e and f) focal level. Fodrin is associated with the entire plasma membraneexcept for those specialized membraneregions where stress fibers (b: arrowheads; and e), apical plaques (a and c) and focal adhesions (e: arrowheads) are located. Arrowheads in a and c roughly delineate the area in which the apical plaque and stress fiber are located. In d, the same apical area delineated in c is also indicated by arrowheads. Note that there are many apical stress fibers in this area. Arrowheads in e and f indicate the same location in the double stained cell. Note that fodrin is generally excluded from the area where organized actin filaments are concentrated and particularly from focal adhesions. basal portion of cultured cells revealed not only focal adhesions but also manylinear structures which were less intensely stained and finer in appearance than the typical focal adhesion. By double labeling cells with fluorescent phalloidin and anti-vinculin, we found that the latter type of anti-vinculin staining sites were associated with stress fibers (data not shown). To investigate whether or not these fine streaks were small focal adhesions along stress fibers, we used interference reflection microscopy (IRM) to locate focal adhesions and compared the IRM pattern with the anti-vinculin staining pattern of the same cell. Figs. 4a and b) . Anti-integrin av subunit staining was also limited to the cell-substrate attachment site, and the staining pattern was identical to the anti-vitronectin receptor labeling pattern (data not shown). These results indicate that anti-vitronectin receptor is a more specific reagent for labeling focal adhesions than anti-vinculin which is commonlyregarded as a focal adhesion specific reagent.
The cell shown in Figs. 4d and e is double-labeled with anti-vinculin and anti-fibronectin. Focal adhesion sites (Fig. 4f) were stained by anti-vinculin ( Fig. 4d) but not by anti-fibronectin (Fig. 4e) . Strong anti-fibronectin staining was observed at the leading edge of cells (not shown) and in a thin streaky pattern (Fig. 4e) . No spatial correlation was noted between focal adhesion sites and the streaky pattern. The IRMimage of the area where the streaky anti-fibronectin staining was present failed to show dark contrast, indicating that the plasma membraneis not very close to the glass surface at sites where fibronectin fibrils are accumulated in the streaky pattern. However, the anti-fibronectin staining pattern was often superimposable with the anti-vinculin staining regions along stress fibers (compare Figs. 4d and e) . Anti-talin stained focal adhesions, but it also stained in a thin streaky pattern (Fig. 5a) . Wefound that the anti-talin stained streaky pattern was superimposable with the streaky pattern revealed by anti-fibronectin staining Anti-talin staining was detected in both focal adhesions and plasma membrane-stress fiber lateral attachment sites (a). Of the two anti-talin staining regions, anti-fibronectin stained only the plasma membrane-stress fiber lateral attachment site (b). Anti-fibronectin receptor staining was detected intensely along plasma membrane-stress fiber lateral attachment sites which were also stained by anti-fibronectin (c and d). Anti-fibronectin receptor stained focal adhesions only faintly (c). Wispy fibrous structures were revealed by anti-talin (a, arrowheads), anti-fibronectin (b, arrowheads) and anti-fibronectin receptor. . Anti-ankyrin staining was observed along both the apical and the basal plasma membrane, except for areas associated with the apical plaque (a), the focal adhesion (c and e: arrowheads) and the apical and basal stress fibers (a and c: arrowheads). All arrowheads in paired micrographs (a and b, c and d, and e and f) indicate the same positions in double stained cells. Fig. 4 . Immunofluorescent localization of av integrin subunit, fibronectin and vinculin in fibroblasts. The cell shown in a-c was double stained with anti-vinculin (a) and anti-av integrin subunit (b), and its IRMimage was recorded (c). The cell shown in d-f was double stained with anti-vinculin (d) and anti-fibronectin (e), and its IRM image was recorded (f). Anti-vinculin stained both focal adhesions and stress fiber-plasma membrane lateral attachment sites (a and d). Anti-vitronectin receptor staining was detected only in cell-glass surface attachment sites (focal adhesions) (b and c). Anti-fibronectin staining was restricted to the leading edge of the cell (not shown here) and the stress fiber-plasma membraneattachment site. Note that anti-fibronectin does not stain focal adhesions (e). Arrowheads in e indicate the position of focal adhesions identified by (Fig. 5b) . Cells double-stained with anti-fibronectin and anti-fibronectin receptor showed that the streaky anti-fibronectin staining along stress fibers had a matching anti-fibronectin receptor staining pattern (Figs. 5c and d) . In fact, the general staining patters of the two antibodies were closely matched except for one place. The focal adhesion was stained by anti-fibronectin receptor but not by anti-fibronectin.
However, the anti-fibronectin receptor staining intensity of focal adhesions was rather weak although they were unmistakably stained (Fig. 5c) . The strongest anti-fibronectin receptor labeling was associated with stress fibers in a streaky pattern, suggesting that fibronectin receptors are highly concentrated in certain regions of stress fibers. Anti-integrin fa subunit gave the same immunofluorescence staining result as anti-fibronectin receptor did (data not shown). Fibronectin receptors were also associated with the apical portion of the cell, particularly over the nucleus, where apical stress fibers attached to the plasma membrane forming apical plaques.
Cells were doublestained with anti-fibronectin receptor and anti-vinculin.
Note that apical plaques visualized by anti-vinculin staining ( Fig. 6a) and fibronectin receptor accumulation revealed by anti-fibronectin receptor (Fig. 6b) exhibit In the basal side of the cell, intense anti-vinculin staining was detected at both stress fiber-plasma membranelateral attachment sites and focal adhesions (d). Anti-fibronectin receptor staining was intense at the stress fiber-plasma membranelateral attachment site, but was faint at the focal adhesion (d and e). Arrowheads in d indicate wispy fibrous structures stained by anti-fibronectin receptor. Note that these structures were not stained by anti-vinculin.
the same immunofluorescence pattern. Whenthe microscope focus was brought downto the cell-substrate attachment level of this double labeled cell, focal adhesion sites identified by IRM (Fig. 6e) were stained strongly by anti-vinculin (Fig. 6c) and only weakly by anti-fibronectin receptor (Fig. 6d) . On the other hand, strong streaky staining of anti-fibronectin receptor had matching anti-vinculin staining although the latter staining intensity was often weak. As we already described above, these areas with linear fibronectin receptor accumulation were not sites of close cell attachment to the glass surface because there was no corresponding IRMinterference signal.
Cells stained with anti-talin often exhibited fine wispy structures within the basal portion (Fig. 5a ). Such structures were readily distinguishable from stress fibers by their morphology. Due to strong stress fiber and cortical staining by rhodamine phalloidin, these wispy structures were not always visible in cells labeled with the actin filament specific reagent. Accumulations of short stress fibers were often noted close to these structures (not shown). Fibronectin appeared to be associated with the structure as it was stained by anti-fibronectin ( Fig. 5b ; see also Fig. 5d ). Anti-fibronectin receptor also labeled the similar strucutre (Figs. 5c and 6d ).
These wispy structures were by no meansprevalent or ubiquitous, nevertheless they were present in many cells. Interestingly, anti-vinculin did not stain the wispy structure (compare Figs. 6c and d) . There was no corresponding contrast in the IRM image (Fig. 6e) . We suggest that these structures represent another type of actin filament-plasma membraneattachment site where actin filaments are anchored to integrin in the plasma membrane via talin without vinculin involvement.
DISCUSSION
Erythrocyte membrane associated proteins in fibroblasts. Association of actin filaments with the plasma membranehas been morphologically demonstrated in various types of cells as well as different regions within a cell. The erythrocyte membranecytoskeleton is a wellcharacterized actin filament-plasma membrane linkage system. The most abundant protein in the cytoplasmic side of the erythrocyte plasma membraneis spectrin (2, 14, 26) . Spectrin can bind directly to actin filaments and to the band 4.1 protein. Ankyrin is another important protein that attaches the actin-spectrin complex to the transmembrane protein band 3 (anion exchange transporter). Manyof the erythrocyte membraneproteins are present in nonerythroid cells (24) . In this study using human fibroblasts, we have shown the general association of fodrin and ankyrin with the plasma membrane. However, these proteins are not present in the focal adhesion, the apical plaque and the stress fiber, particularly the lateral stress fiber association site with the plasma membrane. These observations indicate that these proteins do not participate in anchoring actin filaments of the stress fiber to the plasma membrane.
There are other cytoplasmic proteins such as the proteins of the ERM-family (including ezrin, radixin, moesin) (3, 10, 21, 34, 38) and myosin-1 (9, 18, 27) that are involved in actin filament association with the plasma membrane. Myosin-1 is thought to attach directly to the plasma membraneand to anchor actin filaments (9). However, myosin-1 is not associated with stress fibers and focal adhesions. Ezrin, moesin and radixin (ERMfamily) belong to the band 4.1 super family and, based on their localization, they are thought to anchor cortical actin filaments to the plasma membrane (1, 4, 10, 13) . Moesin was first identified to be a membraneprotein that binds to the extracellular matrix and is localized on the surface of cells (22) . However, its sequence does not suggest it to be a secreted protein, and it was shown to be an intracellular cytoskeletal protein (21) .
Localization of ezrin in transfected cells suggested that it might link actin filaments to the plasma membrane (1) . However,neither ezrin nor moesin is associated with the focal adhesion or any other parts of stress fibers in fibroblasts (10). Radixin, another member of the ERM-family, is an actin filament barbed end capping protein isolated from adherence junctions (34). Radixin has been localized to the adherence junction and to the contractile ring during cytokinesis, and in highly extracted fibroblasts, it was found in focal adhe- sions (34, 38) . It is unclear whether myosin-1, ezrin, moesin, radixin, and the erythrocyte membraneproteins work together or independently to link unorganized actin filaments in the cell cortex to the cell membrane in fibroblasts. Stress fiber-plasma membrane interaction. There are at least three morphologically distinct types of stress fiber-plasma membrane attachment sites : the focal adhesion, the apical plaque and the lateral association site. The integrin based cell adhesion proteins are concentrated at the cell-substrate adhesion site where basal stress fiber usually terminate. The focal adhesion has been described as the site where an apparent physical link between actin filaments in the stress fiber and fibronectin fibrils of the extracellular matrix is formed (7, 35) . However, we found that anti-fibronectin staining was excluded from focal adhesions of fibroblasts, although faint staining of the focal adhesion was detected with both anti-fibronectin receptor and anti-integrin fix subunit. The closest cell-substrate attachment site was strongly stained by anti-vitronectin receptor and anti-integrin aw subunit, indicating that the extracellular com- ponent of the focal adhesion formed by our fibroblasts was vitronectin, not fibronectin. This observation is consistent with the previous finding that cells cultured in serum-containing medium first form focal adhesions using vitronectin (7). Staining by anti-fibronectin and anti-fibronectin receptors was intense in the stress fiberplasma membranelateral association site. Such lateral association sites showed neither staining with antibodies against vitronectin receptor nor the dark interference contrast in the IRM image. The latter finding indicates that there is a considerable gap between the cell surface and the glass surface at the stress fiber-plasma membranelateral association site.
Interestingly, our immunofluorescence data suggest that the macromolecular composition of the lateral association site is identical to the apical plaque (Table I) .
Since the apical plaque is where stress fibers interact with the plasma membraneof the free cell surface, we suggest that the cell considers the plasma membraneof the lateral association site as the free cell surface. We, therefore, propose that cells in culture use the fibronectin specific integrin to anchor stress fibers to the free surface (i.e. externally not well-supported) plasma membrane while vitronectin is used to anchor them to the externally supported plasma membranesuch as the focal adhesion.
Actin filament-plasma membraneattachment site without vinculin. In vitro protein binding experiments have indicated that several focal adhesion associated proteins mediate the association between the cytoplasmic domain of integrins and actin filaments. The stress fiber (actin filament) -a -actinin -vinculin -talin-integrin link is the most widely known model for the focal adhesion (7) but other linkages, such as the stress fiber-a-actinin-integrin link (32), and the stress fiber-talin-integrin link (28), are also proposed.
It is unclear, however, whether these molecular links actually exist in situ. Talin and integrin are detected in the cell-cell contact area between cytotoxic T lymphocytes and T helper cells where no other cell adhesion related proteins such as aactinin or vinculin are present (19, 20, 33) . This site may very well be the area where the actin filament-talin-integrin link is formed.
In this study, we found a wispy fibrous structure stained with anti-fibronectin, anti-fibronectin receptor and anti-talin, but not with anti-vinculin. Although, localization of highly concentrated actin filaments was not always observed in the same wispy pattern, actin filaments were always present over the fibrous structure.
Thus, it is possible that these wispy structures are the sites in fibroblasts where actin filaments are attached to integrin via talin without vinculin. IRMrevealed that these sites were not focal adhesions, consistent with the idea that the cell surface with fibronectin is the free type. 
